Introduction
Current plans for oil shale development in the western United States caLl for a combination of su~face and modified in-situ retorting. Surface retorting produces about 8 kg of spent shale per liter of oil recovered, depending c1n shale grade, for which environmentally safe and economic disposal must be found.
Modified in-situ retorting consists of mining and surface retorting 20 to 40% of the oil shale, and explosively rubblizing and retorting the rest of the material underground. This results in the formation of underground caverns or retorts filled with a weak and permeable rubble of spent shale.· \.Jhen such retorts are abandoned, groundwater quality can be degraded by leaching of in-silt! spent shale, and retort overburden may subside. These problems may be solved by grouting the abandoned retorts to reduce permeability and increase strength. Adequate strengthening of abandoned retorts could also increase resource recovery by permitting recovery of oil from adjacent pillars of raw shale. These pillars, needed for structural integrity of retorts, contain about 45% of the oil shale, which is not recoverable unless retorts are grouted to adequate strength.
The void space to be grouted in in-situ retorts amounts to about 1.4 to 2.3 liters per liter of oil recovered, depending mainly upon the fraction of oil shale mined. Conventional grouts containing portland cement are considered too expensive for this application. Therefore, on one hand there is the problem of finding large quantities of inexpensive materials for grouting abandoned in-situ retorts, and on the other, of disposing of surface spent shale. The investigation described in this paper is aimed at the utilization of surface retorted spent oil shale for making less expensive hydraulic cements which would produce grn11ts with adequate strength and permeability characteristics for grouting in-sit11 retorts.
Colorado oil shales contain an abundance of dolomite, quartz, and feldspar, and therefore are not well-suited as raw materials for manufacture of portlandlike cements. As shown below, some changes in the composition of the raw mix are necessary if cements having adequate hydraulic strength characteristics are to be made from spent Colorado oil shale. Sellers (1) obtained a patent on the production of portland cement from 1.8:1 mixtures of limestone and raw oil shale (corresponding to a 3:1 mixture of limestone and spent shale) by 1400-1500°C heat treatment. The high costs of materials and energy involved would not favor this process for the preparation of a hydraulic cement for grouting in-situ retorts.
Materials and Procedure
The spent shale used in this investigation was obtained from an experimf~ntal run on a raw Colorado oil shale which was retorted in the Lnrgi retort in Germany. In this process, which is under consideration for surface retorting of Colorado oil shales, the retorted spent shale containing coke is burned to provide heat for the process. The retorting and the burning temperatures of the Lurgi spent shale used in this investigation were 530° and 700°C, respectively. Following the burning operation, the spent shale was collected in an electrostatic precipitator. The fineness, chemical, and mineralogical properties of the Lurgi spent shale are shown in Table 1 below. X-ray diffraction analysis of the as-received sample of spent shale showed that besides quartz and feldspar, dolomite and calcite were still the principal minerals present. Loss on ignition of the material, due mainly to carbonate COz, was 20%. The presence of large quantities of calcite and dolomite in the spent shale, and absence of free MgO, CaO, and silicates of lime and magnesia, show that the retorting conditions, especially the retorting and burning temperatures, were not adequate to decompose dolomite and calcite, and form CaO. After ignition of the spent shale in a laboratory muffle furnace at various temperatures from 800 to 1000°C, large quantities of akermanite, CazMgSiz07, were formed. Thus, simple heat treatment of the spent shale caused dolomite, calcite, and the siliceous minerals to be converted to akermanite (which is not cementitious) with no free lime present. Since the presence of reactive calcium silicates or a mixture of free lime ~nd reactive silica is essential for the formation of the cementitious calcium silicate hydrate (C-S-H), it is obvious why the heat-treated Lurgi spent shale did not develop any measurable strength on hydration.
A comparison of the chemical analysis of the Lurgi spent shale and a typical portland cement raw mix showed that the CaO:Si02 ratio of the former is less than 0.7 whereas for the latter, it is greater than 3.0. Temperatures of 1400-1500°C are required for the formation of C3S, which is the principal compound in industrial portland cement. As discussed earlier, the high costs of materials and energy involved would not favor the manufacture of a portland cement-like composition from the Lurgi spent shale.
The second most abundant compound in ordinary portland cement is SC2S. It is less reactive on hydration but requires a lower CaO:SiOz ratio and considerably lower temperature for its formation than C3S. Another portland cement compound, C3A, is highly reactive, and like SCzS it is also formed at much lower temperatures than C3S. It is conceivable, therefore, that cements of adequate strength may be produced if the composition of the raw mix containing the Lurgi spent shale is altered to a higher CaO/SiOz ratio in order to form SCzS and C3A as the principal compounds. Such cements, however, would not be portland cements because of the absence of c3s.
The first experiments of this investigation consisted of preparing blends of Lurgi spent shale with a commercial-grade CaC03 powder in 1:1 proportions by weight, heating the mixture in an electrical muffle furnace at 900, 950, 1000, or 1100°C for one hour, grinding the resulting material and determining the mineral composition and strength characteristics of the cements thus producetl, The second experiment was undertaken to determine the optimum CaC03:spent shale ratio which would produce a cement having adequate strength characteristics when the raw mixture is heated at 1000°C for one hour. The mixtures investigated correspond to the CaC03:Lurgi spent shale ratios 0.5, 0.75, 1.0, 1.25, 1.5 and 2.0.
Investigations were also carried out to find methods of increasing the strengths of mortars containing cements made from CaC03-spent shale mixtures, In one experiment, the water-cement ratio of the test mortars was reduced from 0.625 to 0.52 by replacing the ASTM Cl09 standard sand by a coarser sand. In another experiment strength acceleration was achieved by addition of 5% gypsum to the cement which resulted in the formation of ettringite on hydration. It should be noted that formation of ettringite from C3A contributes to the setting and hardening of portland cements. Also, since the same objective can be achieved by substitution of C4A3S for C3A in the anhydrous cement composition, in one experiment 10% gypsum by weight of raw mix was added to a 1:1 CaC03-spent shale mixture before the heat treatment. In this case, a higher temperature, namely 1250°C, was employed in order to obtain a well-sintered clinker containing C4A3S.
Qualitative mineralogical analyses of the cements were carried out by X-ray diffraction, using Cu Ka radiation at 40 KV, 30 rnA. Free GaO was quantitatively determined by ASTM Method C114. Unless otherwise stated all the cements were ground to 90% particles :S751Jm. Compressive strengths of the cements were determined by 2-inch mortar cubes which contained ASTM Cl09 standard sand (sand-cement ratio 2.75), and 0.625 water/cement ratio. Casting, curing, and testing of the mortars were done in accordance with ASTM Method Cl09.
Results and Discussion
The results of heat treatment of 1:1 mixtures of CaC03 and spent shale at 900, 950, 1000, and 1100°C are shown in Table 2 .
The data show that in 1:1 mixtures of CaC03 and Lurgi spent shale, the formation of akermanite (the non-cementitious compound) was prevented, and that temperatures of the order of 1000° and ll00°C were adequate to form SC?S and C3A, the compounds capable of forming the cementitious hydrates. Adeq~ate 28-day strengths were obtained in the cements made at 1000° and 1100°C, the optimum temperature from standpoint of strength being 1000°C.
The results of experiments undertaken to determine the optimum CaC01 to spent shale ratio which would yield cements of good cementitious characteristics at 1000°C are shown in Fig. 1 and Table 3 . From the X-ray diffraction data in Fig. 1 , it is obvious that 1:1 mixtures of CaC03 and spent shale, when heated at l000°C for one hour, produu~d a material which contained little CaC03, large quantities of SCzS and C3A, and only a small quantity of unreacted free lime. Accordingly, this material gave the highest 28-and 90-day compressive strengths, namely 2600 psi (17.9 MPa) and 3340 psi (23.0 MPa) respectively. The progressive increase in strength under continuous moist curing conditions shows that the cement is hydraulic. Lower strength of the cements made from ~1.25:1 mixtures are attributed to large amounts of CaC03 and free CaO present.
The effect of lowering the water-cement ratio from 0.625 to 0.52 on the compressive strength of cements is shown in Table 4 . Also shown in this tab1 c:· are data on the effect of gypsum additions, either directly to the cement, or indirectly through the raw mix before it is heat treated at 1000°C. In the latter case it was confirmed by X-ray diffraction analysis of the cement that the aluminate phase present was C4A3S rather than C3A. The data in Table 4 shmv that a 17% reduction of water-cement ratio (from 0.625 to 0.52) brought about a proportional increase in the 28-day compressive strength (from 2600 to 3150 psi), Although the use of a coarser sand was responsible for the reduction of water-cement ratio in this experiment, similar results can be achieved through small additions of water-reducing admixtures. Since 0.485 is the standard water-cement ratio in the ASTM C109 for determination of the compressor strength of portland cement mortars, it is obvious that the cements made from 1000°C heat treatment of the 1:1 CaC03-spent shale mixture will have the potential of attaining a minimum of 3000 psi (20.7 MPa) compressive strength at 28 days. This happens to be the minimum 28-day strength requirement for the sulfate resisting portland cements as per ASTM C150, The sulfate-resisting portland cements, which have somewhat lower strength requirements than general-· purpose portland cements, are recommended for use in mortars and concretes exposed to sulfated waters.
The data in Table 4 also show that strength gains of the order of 50% at 7 days and 20% at 28 days could be realized at 0.52 water-cement ratio when 5% gypsum addition probably made the formation of ettringite possible in the hydrated cement. Considerable strength gains were further obtained when the C3A in the cement was replaced by C4A3S through 10% gypsum addition to the raw mix, Thus, the 7-and 28-day compressive strengths of the cement containing C4A3S and SC2S were 2200 (15.1 MPa) and 4375 psi (30.1 MPa), respectively. It may be noted that the ASTM C150 Standard Specification requires minimum 2000 psi (13,8 MPa) and 3000 psi (20. 7 MPa) compressive strengths from sulfateresisting portland cement at 7 and 28 days, respectively. However, it should also be noted that the C4A3S-SC2S cement was made at a higher temperature. Due to high energy and materials costs, such a cement may not be economical for grouting in-situ retorted shales. But the point is that by making suitable modification in the process, cements having structural characteristics approaching portland cement can be made from spent oil shales.
Energy Requirement and Cost
It is demonstrated above that a hydraulic cement of adequate strength can be made by heating 1:1 mixtures of CaC03 and Lurgi spent shale at l000°C for one hour. As compared with portland cement, the limestone and energy requirement of the process are considerably less. Compared to 65% CaO in portland cement, this cement will contain less than 50% CaO. Since the heat energy required to decompose CaC03 to lime corresponds to 714 kcal per kg CaO, this cement represents a saving of 120 kcal per kg. Also, compared to 1400°C burning temperature for portland cement, the above described hydraulic cements will be made at l000°C. At 50 kcal per l00°C heat energy savings, this represents a saving of 200 kcal per kg. Thus a potential saving of 320 kcal per kg cement is indicated if rath"r than making portland cement, the Lurgi spent shale is used to make the hydrauli~ cements described in this report. Since the modern suspension preheater kilns for manufacture of portland cement require about 800 kcal per kg heat for th,,' clinking operation, about 40% saving in heat energy is pbssible if the hydraulic cement of the type suggested here is made, Furthermore, the limestone requiremen( of this cement will be one-third of the limestone required for making portland cement from the Lurgi spent shale. Also, due to the fine particle size of the spent shale no energy will be needed for its crushing and grinding. Therefore, instead of attempting to make portland cement-like compositions for grouting abandoned in-situ retorts, it is recommended that hydraulic cement compositions described in this paper should be considered because of their considerably lower cost and adequate strength characteristics.
